I. INTRODUCTION
Spin-transfer magnetization switching 1,2 has attracted a lot of attention due to its potential application in future highdensity nonvolatile memory devices. The experimental efforts have focused on nanoscale spin valves, 2 known as nanopillars, where a layer of nonmagnetic metal or insulator is sandwiched by two magnetic layers. In these structures the spin current is carried by a spin polarized charge current. A spin-transfer torque is imparted onto the magnetic moment as the spin current traverses the magnetic layer. The magnetization can be switched if the spin current density is sufficiently large.
Recently, spin-transfer switching by pure spin current has been realized in nonlocal spin valve ͑NLSV͒ structures. 3, 4 In the nonlocal structures the spin current and the charge current can be partially separated. 5 A pure spin current, driven by the self-diffusion of spin accumulation, flows in the NLSV structure. Adverse effects associated with a high-density charge current, such as Joule heating and electromigration, can be reduced with a pure spin current. 6 The lateral layout of the NLSV also provides opportunities for multiterminal devices with complex functionalities.
In this work, we demonstrate the current-induced switching of a Co domain in NLSV structures with the assistance of a magnetic field. We fabricate NLSV devices using Co electrodes as spin injector ͑F 1 ͒ and detector ͑F 2 ͒, a Cu wire as the nonmagnetic channel ͑N͒, and a 2 nm layer of AlO x at the Co/Cu interfaces. The thickness of F 2 Co electrode is 2.5 nm, much less than those used in previous works in NLSV. The spin current required for spin-transfer switching is proportional to the magnetic moment to be switched. Therefore, it is easier to switch a thin magnetic layer by a spin current. The spin-transfer measurements are carried out in the presence of a magnetic field, which is set to a value smaller but close to the switching field of F 2 electrode. A dc current pulse with appropriate polarity is injected through F 1 into the Cu channel and a Co domain in the F 2 electrode underneath the Cu wire is nucleated by the spin current. In zeromagnetic-field, the spin-transfer switching cannot be achieved. Compared to previous works in spin-transfer in NLSV, 3, 4 the fabrication procedure of our devices is more straightforward, requiring only a single layer of electron beam lithography.
II. EXPERIMENTS
The sample geometry is illustrated in Fig. 1 . A scanning electron microscope ͑SEM͒ picture of a typical device is shown in Fig. 1͑a͒ . A cross-sectional view of the device along the dashed line is shown in Fig. 1͑b͒ . We fabricate the NLSV devices by evaporating Co, AlO x , and Cu from different angles through a suspended shadow mask, 7 which is defined by electron beam lithography using a double-layerresist method. The depositions of all layers are done in a single deposition cycle without breaking vacuum to ensure a͒ Author to whom correspondence should be addressed. Electronic mail: yji@physics.udel.edu. the cleanness of the interfaces. The base pressure of the e-beam evaporation chamber is better than 5 ϫ 10 −8 Torr. The thicknesses of Cu, Co injector ͑F 1 ͒, and AlO x are 100 nm, 10-15 nm, and 2 nm, respectively. The thickness of Co detector ͑F 2 ͒ electrode is 2.5 nm to minimize the magnetic moment to be switched by the spin current. To ensure the electrical continuity of the F 2 electrode, a 5 nm thick Cu layer is placed underneath the 2.5 nm Co layer. The widths of Cu and Co wires are ϳ150 nm. The thin AlO x layer is placed between the Co and Cu to enhance the spin injection and detection polarizations. 8 The resistance-area product RA of the F/N junction is ϳ10 m 2 ⍀. The center-to-center separations ͑L͒ between F 1 and F 2 are 200-350 nm, which are shorter than the spin diffusion length s ϳ 800 nm in Cu ͑Ref. 9͒ at 4.2 K.
The measurement configuration is also indicated in Fig.  1͑a͒ . The ac current and dc current are directed through terminals I+ to I− for spin injection. An ac current I ac of 0.1 mA is used to generate an ac nonlocal spin signal and a dc current pulse is applied to induce the spin-transfer. Spin polarized electrons are injected from F 1 to Cu through the AlO x barrier and induces a spin accumulation, which diffuses toward both ends of the Cu stripe. The ac nonlocal voltage V ac across the F 2 / Cu interface is probed by a lock-in amplifier between terminals V+ and V−. The nonlocal voltage normalized by the ac current ͑R s = V ac / I ac ͒ is recorded as a function of the magnetic field ͑H͒ in a typical NLSV measurement. The difference of values of R s between and parallel ͑P͒ and antiparallel ͑AP͒ states of F 1 and F 2 is known as the nonlocal spin signal ⌬R s .
III. RESULTS AND DISCUSSION
All the measurements are performed at 4.2 K. Figure 2 shows the measurements of a NLSV device with L = 200 nm. Magnetic field H is applied parallel to the Co electrodes. A regular nonlocal R s versus H measurement is shown in Fig. 2͑a͒ . The P states of F 1 and F 2 are located at ͉H͉ Ͼ 0.2 T and the AP configurations are located at the troughs of the R s -H curve, and ⌬R s =4 m⍀. The magnitude of spin signal is given by formula 10 ⌬R s = ͑P 1 P 2 s / A͒e −͑L/ s ͒ , where P 1 and P 2 are the polarizations of F 1 and F 2 , s is the spin diffusion length of Cu, is the Cu resistivity, and A is the cross-sectional area of the Cu wire. The resistivity measured in situ in the NLSV device is 1.0 ⍀ cm at 4.2 K. Assuming that spin diffusion length s = 800 nm, 9 we estimate that ͱ P 1 P 2 = 10%. Based on our measurements 9 of a large number of NLSV with different Co thicknesses, we believe it is reasonable to assume that P 1 = 15% and P 2 = 7%. The value of P 2 is lower, because the F 2 is only 2.5 nm thick with a 5 nm Cu underlayer. There could be an unpolarized leakage current between the Cu underlayer and the Cu channel, which reduces the effective value of P 2 .
The reduction in the Co thickness gives rise to a strong surface anisotropy in the F 2 electrode. 11 As a result, the remanent magnetization of F 2 electrode is tilted out of the plane of the substrate and, therefore, the magnetization reversals in the R s vs H curve in Fig. 2͑a͒ are gradual. The spin-transfer switching is carried out in the presence of a field, where F 1 and F 2 are nearly AP. The inset of Fig. 2͑b͒ shows sweeping the field from Ϫ0.4 T to 0.1 T and thereby setting the AP state. The current-sweep measurement is then carried out in 0.1 T, which is smaller but close to the switching field of F 2 ͑0.12 T͒. A series of negative dc current pulses with 2 s duration and progressively increasing magnitudes ͑I dc ͒ are then applied. Since electrons flow from F 1 to the Cu stripe in the negative polarity of the dc current, the induced spin current through the Cu stripe carries the same polarization as the F 1 electrode. The pure spin current flows through the Cu wire toward F 2 and the spin angular momentum carried by the spin current is absorbed by the magnetization of F 2 . Therefore, a spin torque is applied to the magnetization of F 2 and the spin torque tends to switch F 2 into being parallel with F 1 .
The baseline of NLSV spin signal R s varies as a function of the I dc , due to a redistribution of the interface current under a dc bias. 12 To accurately interrogate the magnetic state of F 2 , the value of the ac signal R s is measured after each dc current pulse is withdrawn. The value of R s as a function of the value of I dc in a 0.1 T field is plotted in Fig.  2͑b͒ . The value of R s shows a sudden increase in 3 m⍀ at Ϫ0.23 mA, indicating that the magnetization of F 2 is switched into being P with that of F 1 . There are only two data points taken after the increase in R s in the R s vs I dc measurements. However, we are confident the increase in 3 m⍀ is real, because we visually inspect the output of the lock-in amplifier for an extended period of time and confirm the increased value of R s . We interpret the magnetic switching as the spin-transfer torque effect carried by the pure spin current. The Oersted field at F 2 induced by the dc current is estimated using Biot-Savart law to be ϳ2 Oe, and oriented perpendicular to the Si substrate. Therefore, the effect of the Oersted field to the magnetic switching is negligible.
Similar measurement is performed at Ϫ0.1 T, as shown in Fig. 2͑c͒ , after sweeping the field from +0.4 T to Ϫ0.1 T ͓inset of Fig. 2͑c͔͒ . At this point, the magnetization of F 2 is still AP to F 1 but is opposite to that of F 2 at +0.1 T in the inset of Fig. 2͑b͒ . The current-induced switching occurs at Ϫ0.35 mA with a 3 m⍀ increase in R s . The switching of F 2 with opposite initial magnetization directions but the same polarity of current is a proof that the switching is not caused by the Oersted field.
It should also be noted that only the part of F 2 electrode underneath the Cu can absorb the spin current and be switched by spin-transfer. The exchange coupling with the rest part of F 2 is not strong enough, due to the reduced thickness of Co ͑2.5 nm͒, to prevent the switching. The preset magnetic field opposite to the magnetization of F 2 electrode helps to overcome the energy barrier between the AP and P states. The changes in R s observed in Figs. 2͑b͒ and 3͑c͒ are smaller than the ⌬R s of 4 m⍀ in Fig. 2͑a͒ . A possible cause is that Co moments located near the edge of the Cu stripe cannot be fully switched by the spin current, due to the exchange coupling to the extended Co electrode. In addition, the easy axis of the thin Co layer is not parallel to the Co stripes due to the surface anisotropy, and thus a larger field is necessary to reach a well defined P state.
In a different NLSV device ͑L = 350 nm͒, the change in the R s value in the field-sweep ͑R s versus H͒ matches that in the current-sweep ͑R s versus I dc ͒. Figure 3͑a͒ shows the R s versus H sweep from +0.4 T to Ϫ0.4 T with R s reaching minimum at Ϫ0.055 T. The reversal of F 2 is gradual between Ϫ0.055 and Ϫ0.1 T followed by an abrupt jump at Ϫ0.11 T, and ⌬R s =3 m⍀. Note that the field value for the minimum of the R s versus H curve varies for each field-sweep. So the preset field for the R s versus I dc curve is determined in the field-sweep immediately before the R s versus I dc measurement, as shown in the inset of Fig. 3͑b͒ . In this case, the preset field is Ϫ0.065 T, at which the R s reaches minimum. The R s versus I dc measurement, shown in Fig. 3͑b͒ , indicates a switching current of Ϫ0.85 mA, higher than those in Fig. 2 , due to a greater difference between the preset field ͑Ϫ0.065͒ and the switching field ͑Ϫ0.11 T͒ of F 2 . An increase in 3 m⍀ for the R s in the R s − I dc curve is in good agreement with the ⌬R s of 3 m⍀ in the R s versus H curve, indicating a complete magnetization reversal of Co moments underneath the Cu stripe.
We have observed field-assisted current-induced switching in over a dozen NLSV devices with similar structures. The critical current for switching in most devices ranges from 0.1 to 1.0 mA, with few exceptions where the critical current is Ͼ1.0 mA. The charge current density in the Cu wire is between 7 ϫ 10 5 A / cm 2 ͑for 0.1 mA͒ and 7 ϫ 10 6 A / cm 2 ͑for 1.0 mA͒. The initial spin current density in the Cu wire near F 1 , assuming P 1 = 15%, is between 1 ϫ 10 5 A / cm 2 ͑for 0.1 mA͒ and 1 ϫ 10 6 A / cm 2 ͑for 1.0 mA͒. The spin current density near F 2 is between 7 ϫ 10 4 A / cm 2 ͑for 0.1 mA͒ and 7 ϫ 10 5 A / cm 2 ͑for 1.0 mA͒. These values are smaller than the critical charge and spin current densities in Co-based nanopillars, 13 due to the assistance of the magnetic field in switching. The qualities of the F/N interface, the Cu channel, and the thin Co layer may affect the spin injection efficiency and the critical current for switching. The detailed correlations are subject to further studies.
It is useful to compare our results with those in Refs. 3 and 4. In both references, the magnetic material used for F 1 and F 2 is permalloy ͑NiFe alloy͒. In Ref. 3, a Van der Pauw geometry is used for the NLSV structures. At 77 K, the spin signal is 0.18 m⍀ and the critical current for spin-transfer switching at zero field is 14 mA for a device of 6 nm thick F 2 electrode. The spin-transfer switching occurs from the AP state to the P state but not vice versa. In Ref. 4 , the F 1 and F 2 electrodes of the NLSV structures are patterned into 80 ϫ 170 nm 2 nanomagnets. At 10 K, the nonlocal spin signal is ϳ4 m⍀ and the critical current for spin-transfer switching at zero field is ϳ4 mA for a device with 4 nm thick F 2 electrode.
A high-density current may induce damages to nanoscale devices. The F 1 electrode is 10-15 nm thick, and a 1 mA current implies a current density of ϳ10 8 A / cm 2 in the Co wire. Repeatedly sending the current pulses through F 1 may degrade the Co material or the Co/ AlO x / Cu interface, reducing the spin injection polarization P 1 . Therefore, the currentinduced switching will requires higher current. If observed, this will serve as additional evidence that the observed switching is not due to other spurious effects. Fig. 4͑a͒ . The baseline shown in Fig. 4͑a͒ is not adjusted but the normalized nonlocal voltages ͑R s ͒ for the P and the AP states are symmetric about the zero voltage, indicating good structural quality of the lithographically patterned device. 14 Figures 4͑b͒ and 4͑c͒ shows the initial measurements of the field-assisted spin-transfer switching in a positive field and a negative field, respectively. The critical current for switching in +0.07 T is Ϫ0.36 mA. The currentinduced switching in Ϫ0.09 T is gradual, with an initial step at Ϫ0.1 mA, and a second step between Ϫ1.0 and Ϫ1.5 mA. Afterwards, similar measurements are repeated for a few times and the final attempt is recorded in Figs. 4͑d͒ and 4͑e͒ . The transition from AP to P state in the R s versus I dc curve in +0.105 T occurs between Ϫ0.75 and Ϫ0.9 mA in two steps in Fig. 4͑d͒ , higher than the Ϫ0.36 mA in ͑b͒. Similar comparison can be drawn from Figs. 4͑c͒ and 4͑e͒. In Fig. 4͑e͒ , no increase in R s is observed until Ϫ0.8 mA and a gradual increase in R s occurs between Ϫ0.8 and Ϫ1.1 mA. In the end, the R s versus H curve is recorded again and shown in Fig. 4͑f͒ , indicating that ⌬R s = 1.5 m⍀. Note that the current and voltage terminals for the measurement in Fig. 4͑f͒ are switched compared to Fig. 4͑a͒ , causing the baseline of the R s versus H to change. But this should not affect the value of ⌬R s .
The results in Fig. 4 indicate that the spin injection efficiency decreases in the process of repeated measurements because the injection current gradually degrades the Co material or the Co/ AlO x / Cu interfaces. A reduced spin signal and an increased critical current are the direct consequences. The inverse relationship between the lowered spin signal and the increased critical current is self-consistent and convinces us that the spin-transfer torque is the underlying mechanism for the observed current-induced magnetic switching in NLSV structures.
IV. CONCLUSION
In conclusion, we have demonstrated magnetic-fieldassisted spin-transfer switching from AP to P magnetic configuration in Co/Cu NLSV devices at 4.2 K. The detector electrodes ͑F 2 ͒ of the devices are made of a thin layer of Co with 2.5 nm thickness but large spin signals of 2 -4 m⍀ are observed. With the assistance of a magnetic field, the magnetization reversal of F 2 electrode can be induced by applying a spin polarized dc current through the injector ͑F 1 ͒ electrode.
